INTRODUCTION
============

The neuronavigation had proven to be a great device for the surgical treatment of variable neurosurgical problems such as tumor resection or biopsy, the surgery for epilepsy, vascular neurosurgery, the localization of functional and eloquent area, spinal neurosurgery and the operation for hydrocephalus[@B9],[@B13],[@B16],[@B17]. Because the device helps the identification of pathologic condition and intraoperative anatomy distorted by pathologic anatomic conditions, the application of this device makes the operations more exact, safe, fast and less invasive due to finding the way and avoiding collision[@B16],[@B17].

The endoscopic surgery in pediatric patients can also be applied to the some operations such as shunt for the hydrocephalus, the fenestration for the cystic lesion and the biopsy or resection of intraventricular and periventricular lesions. But the pathologic condition distorts the normal anatomy, so the operator confuses normal anatomical structures in small endoscopic surgical view. For these difficulties, the neuronavigation can allow the safe procedure of neuroendoscopy in pediatric patients[@B13].

The pinless electromagnetic (EM) image-guided neuronavigation has expanded the application of neuronavigation in intracranial neurosurgery, because the other neuronavigation systems needed the rigid pinning cranial fixation, these techniques were not always suitable for very young patients[@B13]. This fact supports that pinless EM neuronavigation can be useful for pediatric neurosurgery. In addition, some reported that this device has proven to be successful in pediatric patients[@B17],[@B18].

In this study, the usefulness of EM neuronavigation is described with the review for the neuroendoscopic surgery in 11 pediatric surgical cases in one institute.

MATERIALS AND METHODS
=====================

Between Jan. 2007 and Jul. 2011, nine pediatric patients (8 boys and 1 girl) were managed with endoscopic surgery using pinless EM neuronavigation (AxiEM, Medtronics, USA). The age of the patients ranged from 4 months to 12 years (mean age: 4.0 years old). A total of 11 neuroendoscopic procedures on 9 patients with cystic lesions (7 patients) and hydrocephalus (2 patients) were performed. The cystic lesions consisted of five arachnid cysts and two ependymal cysts. In two hydrocephalus, one patient had an obstructive hydrocephalus due to an aqueductal stenosis by a tectal glioma and the other had the multi-loculated hydrocephalus caused by ventriculitis and ventricular abscess. The clinical signs and symptoms were increased head circumference, headache or the prematurity ([Table 1](#T1){ref-type="table"}).

Preoperative CT or MRI with ten fiducial markers on scalp was performed for neuronavigation. The equipment required for the procedures comprises the Stealth Station AxiEM neuronavigation system. Then the registration with fiducial markers and EM stylets was performed. With the guidance of neuronavigation, the endoscopic surgery was performed. All operations were performed by one neurosurgeon in one institute. The clinical outcome of the procedure was evaluated by improvements of symptoms and sign and the postoperative radiologic study.

The process of the operation for the each neuronavigation
---------------------------------------------------------

On classical optical neuronavigation with rigid pinning cranial fixation, preoperative MRI or CT was performed with several fiducial markers ([Fig. 1A](#F1){ref-type="fig"}) which were attached on patient\'s head (scalp and/or face). In the operation room (OR), the patient\'s head was fixed with rigid pinning fixation such as Mayfield frame ([Fig. 1B](#F1){ref-type="fig"}). Then navigation system was set up. The preoperative navigation-image was transported to the navigation workstation in OR and reconstructed to 3-dimensional image. And then the position of the infra-red camera was controlled to recognize the reference frame and navigation pointer. After that, the image was registered with navigation pointer ([Fig. 1C](#F1){ref-type="fig"}) and each fiducial marker between that of patient and images. At the end of the registration, the fiducial markers on patient\'s scalp were removed and the surgery started.

On pinless and frameless neuronavigation, adhesive tape replaces rigid pinning fixation as the fixation of head. The other process is same to classical system.

And on electromagnetic neuronavigation, this system does not fix the head. The patient\'s head was put on the gelly head ring and electromagnetic coil was installed around head ([Fig. 2A](#F2){ref-type="fig"}). Then adhesive-based scalp array was used ([Fig. 2B](#F2){ref-type="fig"}). The thin and flexible stylet ([Fig. 2C](#F2){ref-type="fig"}) replaces thicker and rigid navigation pointer. The other process is same to other systems.

RESULTS
=======

All procedures were performed with using of EM neuronavigation and not interfered by any magnetic devices during navigation. The operations consisted of the fenestration and the cerebrospinal fluid (CSF) diversion. The fenestration was performed for the cystic lesion and made on the cystic wall for communication to cistern and/or ventricle. The CSF diversion was performed for the patients suffered with hydrocephalus and included shunt operation, third ventriculostomy and septostomy. The combined procedures were performed at the same time in some cases. In author\'s study, the fenestration was used in 8 cases and the CSF diversion in 6 cases.

In all cases, the goal of surgery was accomplished successfully at the time of surgery, as confirmed immediately by postoperative imaging with the check of multiple pneumocephalus as the evidence of communication between the lesion and other space such as cistern or ventricle. Surgery related intraoperative problems such as error of the surgical trajectory, the CSF leakage, infection and the injury of neurovascular structures were not occurred in all patients. And postoperative permanent neurological complication was not occurred ([Table 1](#T1){ref-type="table"}).

One patient (case 6) had mild third nerve palsy due to manipulation intraoperatively and that was transient. The imaging study for postoperative status and follow-up showed the improvement and the stabilization of the lesion in 7 cases. In 2 cases, postoperative follow up imaging studies within 6 months revealed the aggravation of the lesions. So each patient needed second operation. All patients have the improvement of preoperative symptom and normal development except one baby who was transferred to the other hospital during follow up on out-patient department.

Case illustration
-----------------

### Case 4

A 4-month-old male infant visited to the hospital due to incidentally detected intracranial cystic lesion. The baby was born with 2820 gram body weight at 38 weeks 5 days of gestation. The cystic lesion was detected on prenatal ultrasonography and the size enlarged on follow up examination. Brain MRI demonstrated about 8 cm sized interhemispheric multiloculated cystic lesion without enhancement and associated hypogenesis of corpus callosum, right lateral ventricular dilatation ([Fig. 3A](#F3){ref-type="fig"}). The baby underwent endoscopic cystic wall fenestration at multiple sites and insertion external ventricular drainage (EVD) catheter in the cyst. Postoperative brain CT showed decreased size of the cyst and subdural hygroma on bilateral frontoparietal region ([Fig. 3B](#F3){ref-type="fig"}). The baby discharged without any neurologic problem. But the cyst was enlarged again with the aggravation of ventriculomegaly on postoperative imaging study of 3 months ([Fig. 3C](#F3){ref-type="fig"}). Therefore, the endoscopic cyst fenestration and ventriculoperitoneal shunt was performed because the function of CSF circulation might be impaired. The size of cyst and ventricle decreased and the brain mantle has gotten thicker ([Fig. 3D](#F3){ref-type="fig"}). The boy has grown with normal development.

### Case 6

A 2-year-old boy visited with the complaint of prolonged headache after slipping down. On neurological examination, there was no specific finding. Brain CT showed about 6.5 cm sized cystic lesion on the right middle cranial fossa with midline shifting to the left side by 7 mm ([Fig. 4A](#F4){ref-type="fig"}). The neuroendoscopic cyst fenestration with the guidance of EM neuronavigation and the insertion of EVD catheter were performed. The postoperative brain CT showed multiple pneumocephalus on cisterns around brain stem and cyst. The boy discharged with the removal of EVD catheter and mild ptosis and medial gaze limitation on right eye. On the follow-up on out-patient department, the symptom improved and the size of the cyst decreased ([Fig. 4B](#F4){ref-type="fig"}).

### Case 8

A 12-year-old boy visited to the hospital due to intermittent syncope and headache. There was no abnormal finding on neurological examination, on past history and on other examination such as electrocardiography. However, brain MRI demonstrated about 8 cm sized cystic lesion on antrum of left lateral ventricle without hydrocephalus ([Fig. 5A](#F5){ref-type="fig"}). He underwent pinless EM image-guided neuroendoscopic septostomy and ventriculo-cystostomy through a right postcoronal burr hole on prone position. Postoperative brain CT demonstrated pneumocephalus on frontal horn of both lateral ventricles without any acute hemorrhagic or ischemic lesion ([Fig. 5B](#F5){ref-type="fig"}). Postoperative neurologic examination was non-specific. On follow-up, the size of cyst had decreased ([Fig. 5C](#F5){ref-type="fig"}) and symptom improved.

DISCUSSION
==========

The neuroendoscopy has used since 1922 by Dandy[@B1] and the appliance of endoscopy are variable in neurosurgical area[@B22] : the biopsy or resection of intraventricular or periventricular lesion, third ventriculostomy, cyst fenestration for arachnoid or ependymal cyst, aqueductal stenosis, multilobulated hydrocephalus and the insertion of intraventricular catheter such as shunt proximal tip and Ommaya reservoir etc. This procedure requires exact anatomic orientation for every step of the operation due to narrow surgical view. In addition, variable pathologic anatomical changes add the difficulty in endoscopic surgery[@B17],[@B18]. However, this procedure had relative high complication rate that reported up to 20%[@B6],[@B14],[@B17],[@B19],[@B22] : the neurovascular injury, CSF leakage and infection, seizure and subdural fluid collection ([Table 2](#T2){ref-type="table"}). And Abtin et al.[@B1] and Navarro et al.[@B14] reported the discontinuation of the procedure due to the lack of anatomical landmark with distorted intracranial anatomy in several cases.

After the appliance of the neuronavigation makes the neurosurgical procedures more safe and easy, so it can help to reduce the complication and morbidity and improve outcome in neurosurgical procedures[@B13],[@B17] ([Table 2](#T2){ref-type="table"}). And the appliance of the neuronavigator helps the operator understand the orientation of distorted anatomy and blind areas over the septum and the cystic wall[@B20]. But the classical optical neuronavigation with rigid cranial fixation has some limitations for the application. The fixation has a risk of scalp laceration, skull fracture, extradural hemorrhage and intracranial injury[@B13],[@B17]. In addition, the pain involved in using the fixation cause the increased use of anesthetic agents and the increased operation time[@B7]. The rigid pinning makes that the appliance to children with thin and immature skull is especially difficult. Therefore, the advance of pinless neuronavigation can lead to an increase in its range of uses in several neurosurgical conditions including pediatrics[@B17]. But this system does not solve the limitation of the operator\'s motion and that of the head fixation with adhesive tape.

EM neuronavigation leads to be non-invasive due to the use without rigid pinning cranial fixation and with free head motion on the operation. Due to non-invasiveness, the system can apply to very young pediatric patients who have very thin and immature skull. This advantage makes lower limitation of the application neuronavigation in age. As shown [Table 2](#T2){ref-type="table"}, the age in which neuroendoscopic surgery was performed is lower in EM neuronavigation than in classical neuronavigation. The system needs shorter time for set-up and registration compared with previous neuronavigation system. In addition, it allows head movement at any time after registration with no restriction on the freedom of movement of instruments within the surgical field and does not limit the operator motion due to no need of optical line between the pointer, reference frame, and the infrared camera. Also, the operation using neuronavigation can be performed under local anesthesia due to no fixation with pinning frame[@B9],[@B11],[@B13],[@B15]-[@B17],[@B21]. In an author\'s case, which was 5 months baby with congenital hydrocephalus, this device was very useful to decide the proper trajectory for proximal shunt tip with the change of head position after registration.

Several operators reported the appilication of EM neuronavigation on neuroendoscopic surgery in variable conditions[@B3],[@B7],[@B9],[@B13],[@B17]. McMillen et al.[@B13] applied EM neuronavigation in 13 months children who had obstructive hydrocephalus caused by cystic hypothalamic glioma. In the case, neuroendoscopic surgery for shunt and cyst fenestration was performed in two different surgical points with head reposition without accuracy changes. In this study, the patient (case 1) had post-infectious multiloculated hydrocephalus and needed multiple fenestrations for multiple cystic walls. The decision for the site to fenestrate was difficult, because the loculated walls were not defined exactly and not discriminated clearly from normal ventricular walls, in addition, normal anatomy was distorted. The patient\'s age was too young, 4 months. EM neuronavigation without rigid pinning fixation was able to been applied for endoscopic surgery usefully and successfully.

Hayhurst et al.[@B9] suggested some indications for appliance of EM neuronavigation in neurosurgical procedures ([Table 3](#T3){ref-type="table"}). Among them, the EM neuronavigation had additional several usefulness in neuroendoscopy with the advantage of previous system as follows[@B2],[@B8],[@B9],[@B13],[@B16],[@B17],[@B23] : 1) The control of probe\'s depth due to the flexibility of the probe is feasible. 2) This system allows to be passed through the endoscope working channel for use in fenestration of both arachnoid and floor of the third ventricle on the tip of the endoscope. 3) This leads to fewer requirements for changing instruments and maneuvering to endoscope. 4) The handling of endoscope containing EM probe is not difficult due to a character of weightless stylet. 5) If the endoscope needed to be repositioned, the navigation stylets could easily be replaced in the endoscope\'s working channel to confirm the location of the tip of the instrument. 6) The additional procedure with head reposition can be performed without distortion of preoperative registration.

But this system had some disadvantages. The navigation devices such as probe and tracer were disposable and expensive, and some authors reported that the accuracy for application is lower than other system. Navigation system is distorted by external magnetic signals and lack of variety for devices. In addition, it has the risk of loss of sterility and unsuspected injury in awaken procedures due to not rigidity fixation[@B9],[@B17],[@B21].

However, those disadvantages were not able to interfere the usage of EM navigation. Some authors reported that the EM neuronavigation in the insertion of the shunt proximal catheter insertion can be worthier than the cost of stylets because the costs for revision and/or complications which caused by not using EM neuronavigation might be higher than the cost for usage of EM neuronavigation[@B7],[@B9]. In addition, Rosenow and Sootsman[@B15] and Mascott[@B12] reported that application accuracy of EM neuronavigation is not lower than optical navigation. Magnetic interference is not any problem because of using standard instruments[@B7].

The usefulness of EM neuronavigation in neuroendoscopy has been reported and proven by several authors and cases. This technique in 9 pediatric patients who were younger than 12 year-old showed successful surgical management in this study, however, there were too small cases to prove usefulness of EM neuronavigation compared with other authors. But this result of operations is similar with others and can be supports for usage of EM neuronavigation and help prove usefulness of EM neuronavigation in neuroendoscopic surgery.

CONCLUSION
==========

The appliance of the neuronavigation reduces the complication rate and enhances for the indication of the neuroendoscopic surgery. But the use of classical optical neuronavigation which needs rigid pinning fixations has been limited in several situations such as pediatrics with immature skull. EM neuronavigation, in this aspect, solved that problem without using rigid pinning fixation. In conclusion, it can be a useful device and alternative to a classical optical neuronavigation in the pediatric neuroendoscopic surgery.

![A : Fiducial markers. B : Mayfield frame as pinning fixation system. C : The setting of classical optical neuronavigation (0 : patient\'s head, 1 : infra-red camera, 2 : navigation pointer, 3 : reference frame).](jkns-53-161-g001){#F1}

![A : Resistration with EM neuronavigation system is performed in operation room[@B13]. White circle is EM coil. B : White circle is scalp array[@B9]. C : EM stylets[@B13]. EM : electromagnetic.](jkns-53-161-g002){#F2}

![A : A 8 cm sized interhemispheric multiloculated cystic lesion with hypogenesis of corpus callosum, right lateral ventricular dilatation on brain MRI (T2WI). B : Postoperative brain CT shows multiple pneumocephalus and decreased size of the cyst. C : Follow up brain MRI (T2WI) shows increased cyst compared with postoperative brain CT. D : Last follow up brain CT shows decreased cyst with inserted shunt proximal tip. T2WI : T2-weighted image](jkns-53-161-g003){#F3}

![A : A 6.5 cm sized cyst on right temporal lobe on brain CT. B : Last postoperative follow up brain CT shows that the cystic lesion disappeared completely.](jkns-53-161-g004){#F4}

![A : A 8 cm sized cystic lesion on left lateral ventricle on brain MRI (T2WI). B : Postoperative brain CT shows pneumocephalus on frontal horn on both lateral ventricles. C : Last follow up brain MRI (FLAIR) show decreased cystic lesion. T2WI : T2-weighted image.](jkns-53-161-g005){#F5}

###### 

Patient\'s characteristics
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HDC : hydrocephalus, HC : head circumference, V-P shunt : ventriculo-peritoneal shunt, ETV : endoscopic third ventriculostomy, M : months, Y : year-old

###### 

Comparision of the outcome of neuroendoscopy
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Y : year-old, SDH : subdural hematoma, M : months

###### 

Indications of electromagnetic neuronavigation[@B9]
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EVD : external ventricular drainage
